The role of the two disulfide bonds found In the Serratia marcescens nuclease were tested by site directed mutagenesis and were found essential for nuclease activity, although slight residual activity remained. The requirement for disulfide bond formation may play a role in preventing the lethal action of nuclease while in the bacterial cytoplasm.
INTRODUCTION
Many extracellular proteins whose activity might be toxic to the cell are co-expressed with a specific inhibitor such as colicins (13) , the extracellular proteases of Serratia marcescens and Erwinia caratovorocin (11, 15) , the 5. marcescens extracellular phospholipase (M. Givskov and S. Molin, personal communication) and the periplasmic ribonuclease of Escherichia coli (14, 19) . However some potentially lethal proteins such as the extracellular nuclease of 5. marcescens do not have known inhibitor proteins. This nuclease is an extremely active enzyme which non-specifically degrades RNA and DNA yet it can be over-expressed in E.coli without lethality (2) . In E.coli the enzyme is not efficiently released to the medium but is primarily localized to the periplasm. However both E.coli and S. marcescens strains overexpressing nuclease are slightly SOS induced (2, 3) suggesting that there is some nuclease activity in the cytoplasm of those cells. Nevertheless the vast majority of nuclease protein must exit the cytoplasm before becoming active or must somehow be sequestered without reaching intracellular DNA and RNA.
Many bacteria which secrete proteins include a protease among the extracellular proteins, creating an additional problem for the other extracellular proteins. This suggests that for a protein to survive in the extracellular milieu it must be unusually stable both from a perspective of protease stability and also insult by other environmental factors. S. marcescens for example secretes at least 2 proteases (12,18) along with its other extracellular proteins.
Disulfide bonds play an important role in the folding and stability of many exported proteins including some extracellular proteins. But their role in specifying the proper folding pathway may be equally important by ensuring proper folding occurs only in the correct milieu. Disulfide bonds are not formed efficiently in the reducing environment of the bacterial cytoplasm but can form in the periplasm where the folding and oligomeric assembly of exported proteins takes place. In vitro, disulfide bonds are often formed inefficiently. There are proteins which serve to catalyze disulfide bond formation and one of these, DsbA, is found in the periplasm of E.coli (4) . Therefore many proteins whose folding depends upon proper disulfide bond formation are expected to be inactive in the bacterial cytoplasm. This may provide one regulatory mechanism, in addition to efficient export, to ensure that these proteins are not active in the bacterial cytoplasm. Alkaline phosphatase is one well characterized example of an enzyme which is only active in the periplasm due to the requirement for disulfide bond formation (7) .
There are four cysteine residues found in the nuclease of 5. marcescens which form two disulfide bonds, on between C9 and C13 and a second between C201 and C243 (5). Agents which disrupt disulfide bonds such as /3-mercaptoethanol cause partial inactivation of nuclease at high concentrations (600mM) (9) .
It is quite reasonable to hypothesize that nuclease only becomes active after secretion to the periplasm or extracellularly as a survival mechanism to ensure that active nuclease is not found in the cytoplasm and that disulfide bond formation plays a role. In this work we use a genetic approach and mutate these cysteine residues to ask whether these disulfides are crucial to nuclease stability and activity.
MATERIALS AND METHODS

Strains and plasmids
The plasmid pNuc5 contains the nuclease gene (Genbank M19495) on a 900 nt fragment cloned into the vector pUC18, extending from the Rsal site at position 1 to the A6 deletion immediately downstream of the nuclease coding region (1,2). The nuclease gene is oriented such that it is expressed from the lac promoter of the plasmid; there is little expression from the nuclease promoter (6) . The plasmids were normally propagated in E.coli strain JM101 (17) or in 5. marcescens strain TT392 (F'pro-lac) which carries a mutation in the chromosomal nuclease gene (16) . Bacteria were routinely grown in LB media. Ampicillin was added to all media at 100 /xg/ml for plasmid selection.
The mutations were created by site directed mutagenesis using the procedure of Kunkel (10) . Multiple mutants were constructed by multiple rounds of mutagenesis or by combining appropriate restriction fragments from mutants. All final plasmids were verified by DNA sequencing.
Nuclease assays
Nuclease indicator plates (DNase Test Agar, Gibco, supplemented with 80 /ig/ml methyl green) provide a simple and very sensitive qualitative assay. The relative halo size is an accurate measure of extracellular enzyme activity, released either by secretion or cell lysis. Fresh colonies were always gridded onto the same plate to accurately measure relative halo sizes.
For more quantitative determination of nuclease activity cultures were grown in LB with ampicillin to a density of about A 600 = 0.5 when IPTG was added to 10~3 M for an additional 2 hours. Cells were harvested by centrifugation and the supernatant collected. The periplasmic fraction was selectively released by osmotic shock and the cellular fraction released by sonication in the presence of 0.1% Triton X-100 (1). Although nuclease is normally an extracellular protein in S. marcescens, it remains periplasmic in E.coli under these conditions. Nuclease activity was measured using the microtiter dish assay described previously (3). This assay is based on the dilution factor required to show no loss of fluorescence caused by DNA degradation in an ethidium bromide and DNA solution.
For western blotting protein samples were fractionated by electrophoresis on a discontinuous 12% SDS-polyacrylamide gel. The gels were blotted to Immobilon P membranes (Millipore), probed with rabbit polyclonal anti-nuclease serum and developed with alkaline phosphatase conjugated goat anti-rabbit second antibody (1).
lysis. However the level of nuclease activity of both mutants, even after 48-60 hours, was dramatically less than that observed from wild type nuclease.
Nuclease activities from the above mutants were measured from cellular fractions using the microtiter dish and the results, shown in Figure 2 , are similar to that observed from the indicator plates. After incubation of the assay mix for about 16 hours (normally the reactions go for 10 minutes) a very low level of nuclease activity can be observed. There was more nuclease found in the C9S mutant than in the others. In all cases activity of the mutant nuclease is found predominantly in the cellular fraction, which represents both cytoplasmic contents and the membrane fraction, whereas the wild type nuclease was periplasmic. Probably the mutant nuclease is membrane bound, but we have no direct evidence for this. Note that only the wild type control was diluted 1000-fold for these assays, which is about the difference in activity between wild type and mutant nucleases (10~3-10~4).
The cysteine mutants are obviously very defective for nuclease activity but was this defect due to loss of a disulfide or to the presence of the remaining free sulfhydryl. To test this the respective double mutant pairs were constructed so that no free sulfhydryls remain. For both double mutants there was no nuclease observed in either assay system (Table 1 ). The quadruple mutant was also generated where all four cysteines were altered. This mutant was also inactive.
Is stability of mutant nuclease altered?
Was the loss of nuclease activity in these mutants due to the creation of an inactive enzyme or due to a change in the stability of nuclease such that it was rapidly turned over in the cell? Proteins samples from the periplasmic contents ( Figure 3) were separated by SDS-polyacrylamide gel electrophoresis and visualized by western blotting from all the single mutants. As can be seen there is a weaker nuclease signal from the mutant
RESULTS
Mutagenesis of cysteine residues in nuclease
Each cysteine codon (2), diagrammed in Figure 1 , was mutagenized individually by oligonucleotide site directed mutagenesis (10) and changed from TGC to an AGC serine codon. The mutations were confirmed by DNA sequencing and the remainder of the nuclease gene was either sequenced or replaced by subcloning to ensure that no secondary mutations were present after mutagenesis. Double mutants were constructed by consecutive rounds of mutagenesis to create TZMCC9S,C13S and n«cC201S,C243S. The quadruple mutant was created by subcloning each appropriate half of the double mutants to create /iucC9S,C13S,C201S,C243S.
Behavior of cysteine mutants
The single cysteine mutants were all deficient in expression of nuclease activity as determined from DNase Test Agar plates. No nuclease activity could be observed from the C13S, and C201S single mutants (Table 1 ) however C9S and C243S did have very low but detectable levels of nuclease activity. On indicator plates a small halo could be seen after 24 hours with C9S, but not with C243S, however by 36 hours C243S had a visible halo which had nearly caught up in size with C9S. It seems that active nuclease appeared extracellularly in this mutant only after prolonged incubation in this mutant, possibly due to cell Halo sizes were compared by picking freshly grown colonies on DNase Test Agar plates with 100 ^g/ml ampicillin and 1(T 3 M IPTG and incubating for 48 hours. The + + + + designates a large and + + + a medium halo which was visible in less than 8 hours of incubation, + designates a small halo visible after prolonged incubation, a-designates no halo was visible after prolonged incubation. samples relative to the wild type, C9S has the strongest signal among the mutants. However a nuclease band was visible in all cases. Therefore, although nuclease is rendered less stable due to loss of a disulfide bond, this can not completely account for the absence of activity. Nuclease protein must itself be essentially inactive in these mutants. Western blots of the double and quadruple mutants (not shown) show that the double mutants have similar levels of protein as the single mutants but the quadruple mutant has noticeably less nuclease. This is not surprising in that the double mutants still have lost only a single disulfide bond but the quadruple mutant has lost both, presumably leading to greater instability and protease susceptibility.
Plasmids carrying the cysteine mutants were also introduced into 5. marcescens strain TT392 F'prolac which is a nuclease deficient mutant of 5. marcescens strain Sr41 (16) . The mutants behaved similarly in this strain as compared to E.coli strain JM101 (Table 1) on indicator plates and western blot analysis (not shown).
Can a free sulfhydryl poison nuclease activity?
We have shown that loss of a disulfide inactivates nuclease presumably because of its role in stability and folding of the active protein. This defect is not suppressed by removal of the free sulfhydryl in the double mutants. Nevertheless the presence of a free sulfhydryl may still act to poison the protein and render it inactive. To test this another mutant was isolated by site directed mutagenesis which converted the translational stop codon to a cysteine (TGA -TGT) to generate Nuc5C246 + . Additional amino acids after the cysteine are encoded by the plasmid polylinker such that the following sequence is appended to normal
This construct is slightly reduced for nuclease activity on DNase Test Agar, but has much greater activity than the cys mutants. Therefore a free sulfhydryl does not have nearly as significant a deleterious effect on nuclease activity as does loss of a cysteine. 
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DISCUSSION
The presence of two disulfide bonds is a clear requirement for activity of the 5. marcescens nuclease. The enzyme is quite inactive in three of the single cysteine mutants and has less than 10~3 of wild type activity in the mutant C9S. One role for the disulfides is to increase stability of the protein. All the mutants are significantly less stable than the parent, based on accumulation of the protein in the cell. However the reduced level of nuclease protein accumulated in cells expressing the mutant nuclease alleles is not sufficient to explain the loss of nuclease activity. The most active mutant, C9S is reduced by more than 1000-fold in terms of nuclease activity accumulated in the cell whereas the level of protein accumulated is reduced perhaps 5-10 fold. This theme of disulfides increasing the stability of proteins is not new for nuclease and is true for many other proteins (7, 8) . It certainly is not surprising to find that disulfides are important in this example where nuclease is an extracellularly secreted protein of a bacterium which also secretes abundant extracellular proteases. However it is somewhat surprising to find that mutants of each cysteine which form a disulfide bond do not have identical phenotypes. The C9S mutant for example is more active than CBS yet these two are partners in a disulfide bond. Possibly the remaining cysteine residue in these mutant proteins have differing effects on folding or interfere with formation of the remaining disulfide bond to differing extents.
In addition to stability the disulfides clearly play a second role, presumably in promoting the correct folding of nuclease to allow full activity, but only after it has reached an extracytoplasmic environment. This becomes a de facto regulatory role to ensure that active nuclease is not found in the cytoplasm. The 5. marcescens nuclease is extremely active and would almost certainly be lethal were much of it found within the cytosol. By rapidly secreting nuclease out of the cytoplasm and by ensuring that any nuclease which is in the cytoplasm is not active, the cell is able to remain viable. The normal cellular secretion systems appear capable of dealing with the level of nuclease normally expressed in S. marcescens (6) .
Alkaline phosphatase is similar to nuclease in that disulfides are required for activity (7), again perhaps playing an important regulatory role. Other potentially lethal proteins use a variety of mechanisms to ensure their inactivity in the cytoplasm. Some proteins are co-expressed with a specific inhibitor protein, such as the colicins (13) . The periplasmic RNase I similarly has a specific inhibitor to maintain inactivity in the cytoplasm (14, 19) . Other proteins, notably proteases, require precise activation steps to convert the preprotein to active protease. In some cases this is dependent on the secretion step itself (15) . Nevertheless, despite mechanisms to ensure no nuclease is active in the cytoplasm, some residual nuclease activity does occur in the cytoplasm under conditions of overexpression. Both in E. coli and in 5. marcescens nuclease overexpression leads to a partial derepression of SOS regulated genes, implying that some DNA damage is occurring (2, 3) . This suggests that nuclease is able to become active in the cytoplasm, although inefficiently. Disulfides may be able to form slowly in the cytoplasmic environment; alternatively the non-mutant nuclease protein has a low level activity in the absence of disulfide bonds. Our mutants suggest a very low specific activity in the absence of one or more disulfides. How many units of nuclease are required to induce the SOS system to this level is not known. We should point out an alternative but unlikely explanation; that secreted nuclease which is fully active is able to re-enter the cell and cause the observed SOS induction. This might be similar to but less efficient than import of proteins into the cell, such as the import of coticins. Adding nuclease exogenously to cells does not cause SOS induction, however this may not be the same as having nuclease in the periplasm. But under conditions of normal nuclease expression in S. marcescens, no SOS induction was observed so this low residual cytoplasmic activity does not present any problem to the bacterium under normal conditions.
